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The structure and electroweak properties of the pion in symmetric nuclear matter are presented in the
framework of the Nambu–Jona-Lasinio model. The pion is described as a bound state of a dressed
quark-antiquarkpair governed by the Bethe-Salpeter equation. For the in-medium current-light-quark
properties we use the quark-meson coupling model, which describes succesfully the properties of
hadron in a nuclear medium. We found that the light-quark condensates, pion decay constant and
pion-quark coupling constant decrease with increasing nuclear matter density. We then predict the
modifications of the charge radius of the charged pion in nuclear matter.
KEYWORDS: pion form factor, quark-meson coupling model, Nambu–Jona-Lasinio model,
electroweak properties, symmetric nuclear matter
1. Introduction
Pions play special roles in understanding the strong interactions of quantum chromodynamics
(QCD) at low energies [1]. The pion electromagnetic form factor would provide us with information
on the non-perturbative aspects of the internal structure as well as the dynamics of the quarks and
gluons.
The phenomenon of medium modifications is one of the most interesting subjects in nuclear and
hadron physics such as the EMC effect [2]. In particular, how the properties of hadrons and their
internal structures change by the surrounding nuclear environment is one of the important issues,
which collects special attentions [3] in connection with the partial restoration of chiral symmetry in
a strongly interacting environment [4]. The order parameters of this phenomena are the light-quark
condensates in nuclear medium and their changes in nuclear medium are main driving forces for
the changes of the hadron properties in nuclear medium. However, finding the clear experimental
evidence of partial restoration of chiral symmetry is still challenging.
In the present work, following the formalism of Ref. [5, 6] we report the electroweak properties
of the pion in symmetric nuclear matter as well as the pion form factor. The in-medium current-light-
quark properties obtained in the quark-meson coupling (QMC) model are used as inputs to study the
properties of the in-medium pions in the NJL model. This report is based upon the recent article [7].
2. In-medium current-ligth-quark properties based on the QMC model
The QMC model [8] has been successfully applied to many phenomena of nuclear and hadron
systems. Recently, studies have been extended to the calculation of the medium modifications of the
nucleon weak and electromagnetic form factors on the neutrino mean free path in dense matter [9].
In symmetric nuclear matter, the isospin-dependent ρ-meson field vanishes in the Hartree approx-
imation. The nucleon Fermi momentum k
F
, nucleon (baryon) density ρ
B
, and the scalar density ρs of
1
nuclear matter are defined as
ρB =
γ
(2π)3
∫
dkθ(kF − |k|) =
γk3
F
3π2
, ρs =
γ
(2π)3
∫
dkθ(kF − |k|)
M∗
N
(σ)√
M∗2
N
(σ) + k2
, (1)
where γ = 4 for symmetric nuclear matter and γ = 2 for asymmetric nuclear matter. The Fermi
momenta of the proton and neutron k
p,n
F
are respectively determined by ρp and ρn with ρB = ρp + ρn.
In the QMC model, nuclear matter is treated as a collection of the nucleons that are assumed to
be non-overlapping MIT bags. The Dirac equations for the light q (u and d) quarks inside the bag are
given by
[
iγ · ∂ −
(
mq − V
q
σ
)
∓ γ0V
q
ω
] ( ψu(x)
ψu¯(x)
)
= 0,
[
iγ · ∂ −
(
mq − V
q
σ
)
∓ γ0V
q
ω
] ( ψd(x)
ψd¯(x)
)
= 0, (2)
which define the effective current quark mass m∗q ≡ mq − V
q
σ. Here we assume mu = md = mq.
The scalar and vector mean fields in symmetric nuclear matter are defined by V
q
σ ≡ g
q
σ〈σ〉 and
V
q
ω ≡ g
q
ωδ
µ0〈ωµ〉, respectively.
By solving the self-consistent equation for the scalar σ mean field, the total energy per nucleon
is obtained as
Etot/A =
4
(2π)3ρ
B
∫
dk θ(kF − |k|)
√
M∗2
N
(σ) + k2 +
m2σ σ
2
2ρ
B
+
g2ω ρB
2m2ω
. (3)
The coupling constants g
q
σ and g
q
ω are determined by fitting the binding energy, 15.7 MeV, of sym-
metric nuclear matter at the saturation density and they are respectively related with gσ and gω by
gσ = 3S N(σ = 0)g
q
σ and gω = 3g
q
ω, where S N(σ) is defined through [8]
∂M∗
N
(σ)
∂σ
= −3g
q
σ
∫
bag
d y ψq(y)ψq(y) ≡ −3g
q
σS N(σ) = −
∂
∂σ
[
gNσ(σ)σ
]
, (4)
with ψq being the lowest mode bag wave function in medium. These relations determine the in-
medium quark dynamics, which is needed to compute the medium modifications of hadron proper-
ties in nuclear medium. That is, we assume that the in-medium light-quark properties obtained for the
nucleon are not much different from those of light quarks in other hadrons. In the present work, there-
fore, we will explore the in-medium pion properties with the modified quark properties determined
by the in-medium nucleon properties.
3. In-medium pion properties
Being equipped with the NJL-model formalism and QMCmodel for the medium-modified current-
light-quark properties, we compute the pion properties in nuclear medium. Using the in-medium
current-light-quark properties obtained in the QMC model with mq = 16.4 MeV, we calculate the ef-
fective constituent quark mass M∗u, in-medium pion mass, in-medium pion decay constant, in-medium
quark condensate, and in-medium πqq coupling constant. The results are illustrated in Figs. 1–2 as
functions of ρ
B
/ρ
0
with ρ0 being the normal nuclear density, 0.15 fm
−3.
The left panel of Fig. 1 shows the ratio of the in-medium to vacuum quark condensates. We found
that this ratio decreases as the nuclear matter density increases. In the right panel of Fig. 1 we found
that the ratio of the in-medium to vacuum pion-quark coupling constant decreases with increasing
nuclear matter density. Our results for the ratio of the in-medium to vacuum pion decay constant are
presented in the left panel of Fig. 2. Again, the ratio is found to decrease as the density increases. The
medium modifications on the pion mass is shown in the right panel of Fig. 2. Here we confirm that
the pion mass is almost constant up to 1.25 ρ0. This justifies our assumption that m
∗
π ≈ mπ up to about
normal nuclear density.
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Fig. 1. The ratio of the in-medium to vacuum quark condensate as a function of ρ
B
/ρ
0
(left panel). The ratio
of the in-medium to vacuum pion-quark coupling constant as a function of ρ
B
/ρ
0
(right panel).
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Fig. 2. The ratio of the in-medium to vacuum pion decay constant as a function of ρ
B
/ρ
0
(left panel). The
ratio of the in-medium to vacuum pion mass as a function of ρ
B
/ρ
0
(right panel).
4. In-medium electromagnetic form factors
We calculate the electromagnetic form factor of the positively charged in-medium pion. The in-
medium pion electromagnetic form factors are determined by adopting the method of Refs. [5,6] with
a dressed quark-photon vertex. The in-medium electromagnetic form factor is obtained by modifying
the quark propagator as
S ∗q(k
∗) =
1
k/∗ − M∗q + iǫ
, (5)
where M∗q is the effective constituent quark mass and the in-medium quark momentum is given by
k∗µ = kµ + Vµ with vector field Vµ = (V0, 0) by neglecting the modifications of the space component
of the quark momentum that is known to be small [10]. In the form factor calculation, the vector
field, which enters the propagator in Eq. (5), can be eliminated by the shift of the variable in the
integration [11]. The in-medium form factor of the pion is then given by
F
* (bare)
π+
(Q2) = (eu − ed) f
∗ℓℓ
π (Q
2), (6)
where ℓ = u, d, and eu/d are the u/d quark charges. The superscript “(bare)” in Eq. (6) means that
the quark-photon vertex is elementary, that is, Λ
µ(bare)
γq = Qˆ γ
µ, where Qˆ is the quark charge operator.
The first superscript a in f ∗abπ (Q
2) indicates the struck quark and the second superscript b means the
spectator quark (See Ref. [7] for the details). Our numerical result for the elastic form factors of the
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Fig. 3. The electromagnetic form factor of positively charged pion for different nuclear matter densities (left
panel). The solid, dashed, and dotted lines are for ρ
B
/ρ
0
= 0.0, 0.5, and 1.0, respectively. The solid line is
to be compared with the DSE predictions of Ref. [12], the empirical parameterization of Ref. [13], and the
experimental data from Refs. [13–15]. Results for Q2F∗π(Q
2) for various nuclear matter densities (right panel).
positively charged pion in medium are shown in the left and right panels of Fig. 3. The left panel
of Fig. 3 shows that the in-medium pion electromagnetic form factor is suppressed with increasing
density. Shown in the right panel of Fig. 3 are the same results as in the left panel of Fig. 3 but for
Q2Fπ(Q
2). The medium effects on the suppression of the pion form factor are clearly seen and it
reduces by about 10% at the normal nuclear density. Our calculations show that the charge radius of
the in-medium pion increases with density (See Ref. [7] for details on the in-medium charge radius
prediction).
5. Summary
In summary, we have reported the electroweak properties and the structure of the pion in symmet-
ric nuclear matter in the framework of the NJL model. The in-medium modifications of the current-
light-quark properties are calculated by the QMC model and are used as inputs of the NJL model
calculations. We found that the electroweak properties of the pion, namely, the ratios of in-medium to
vacuum quark condensates, pion-quark coupling constant and the pion decay constant decrease with
increasing the nuclear matter density. We also found that the elastic form factor of the in-medium
pion is suppressed compared with the form factor in vacuum as the nuclear density increases. Conse-
quently, the charge radius of the charged pion increases as the nuclear matter density increases.
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